Plant phenology, the timing of plant growth and development, is changing in response to global climate change. Changing temperature, soil moisture, nitrogen availability, light, and elevated CO 2 are all likely to affect plant phenology. Alteration of plant phenology by global climate change may alter the ability of plants to acquire soil resources (water and nutrients) by altering the timing and duration of the deployment of roots and leaves, which drive resource acquisition. The potential importance of phenologically-driven changes in soil resource acquisition for plant fitness and productivity have received little attention. General hypotheses are proposed for how plant acquisition of soil resources may be affected by the alteration of phenology. It is expected that the acquisition of mobile resources will be approximately proportional to total transpiration. Alteration of phenology that increases total transpiration should increase, while changes in phenology that reduce transpiration should decrease the acquisition of mobile resources. The acquisition of immobile resources will be approximately proportional to root length duration, thus changes in phenology that increase growth duration should increase the acquisition of immobile resources and vice versa. For both groups of resources, longer growing seasons would tend to increase resource acquisition, and shorter growing seasons would tend to decrease resource acquisition. In the case of resources that exhibit seasonal variability in availability, the synchrony of resource availability and acquisition capacity is important, and subject to disturbance by the alteration of phenology.
Introduction
The observation of the timing of plant emergence and flowering is a long-standing feature of human societies. Both hunter/gatherer and pre-modern agricultural societies probably used plants as seasonal indicators, and there are recorded observations of plant phenology dating to the 8th century (for an overview of the history of the observation of phenology, see: http://en.wikipedia.org/wiki/Phenology). The modern discipline of phenology can be traced to the observations of Robert Marsham in Norfolk, England beginning in 1736 and reached a peak of interest in the first half of the 20th century (Sparks and Carey, 1995) .
In recent decades, there has been a resurgence of interest in plant phenology, and changes in phenology are extensively utilized as indicators of global change (Post et al., 2001; Fitter and Fitter, 2002; Parmesan and Yohe, 2003; Badeck et al., 2004; Menzel et al., 2006) . Phenology is a useful indicator because it integrates climate signals over a sustained period of time and is easily measured. Global climate change has increased the length of the growing season in temperate regions by as much as 12-18 d over the last two decades (Zhou et al., 2001) . This includes an earlier onset of the growing season (about 2.5 d per decade in Europe) (Menzel et al., 2006) , as well as an extension of the growing season in the autumn.
The timing of reproduction and maturity is a key component of fitness (Stearns, 1992) , and a large body of literature has addressed the optimal timing of reproduction in plants, considering time and resource limitations (Cohen, 1971 (Cohen, , 1976 Iwasa, 2000) . Fewer attempts have been made to understand or predict the effects of changes in phenology (either already observed or possible responses to continuing climate change) on plant fitness. Several studies have considered the possibility that global change may lead to changes in critical daylength for plants (Bradshaw and Holzapfel, 2001; Van Dijk and Hautekeete, 2007) or changes in geographic distribution (Walther et al., 2005) .
It is likely that global change-induced alteration of plant phenology will affect plant fitness by altering the age of reproduction. For example, a photoperiod-sensitive plant that germinates earlier as a result of earlier spring warming might experience a longer vegetative growth phase. Such alterations in phenology would impact plant growth and resource acquisition. Plant phenology, and timing of reproduction in particular, exhibit plastic responses to resource availability (Pigliucci et al., 1995; Dorn et al., 2000; Gungula et al., 2003) . Surprisingly, the question of how global change-induced alteration of plant phenology will affect plant fitness has received little attention. We are aware of only one study which has considered how changes in phenology might interact with global change to affect fitness. Lewis et al. (2003) manipulated age at flowering while plants were exposed to elevated CO 2 . In this case, the degree to which vegetative growth was stimulated by elevated CO 2 was correlated with age at flowering.
Alteration of phenology is likely to have important effects on plant resource acquisition, but the nature of these effects is unknown. Our intent in the following is not an exhaustive review of the literature on the responses of plant phenology to global climate change. Several such reviews already exist (Jablonski et al., 2002; Walther, 2004; Parmesan, 2006; Cleland et al., 2007; Bertin, 2008) . Neither is it intended to delineate all the possible ways in which resource acquisition may respond to plant phenology. Instead, it is intended to explore some of the potential effects of global changeinduced alteration of plant phenology on the acquisition of soil resources by plants, based on the likely changes in phenology caused by climate change and the dynamics of key soil resources. Our hope is that the hypotheses presented here will stimulate further research and increase our ability to anticipate the effects of global change on plant growth and productivity.
Drivers of phenological change

Temperature
Warmer temperatures generally accelerate plant development (Zavaleta et al., 2003; Badeck et al., 2004) , although responses can vary among groups of plants, for example, grasses and forbs (Cleland et al., 2006) . Phenological responses to warming may also vary at different stages of growth (Farnsworth et al., 1995) . This response may differ in distinct ecosystems. For example, the longer growing season made possible by warming in an alpine system led to longer plant growth periods (Suzuki and Kudo, 1997) .
Changes in temperature are likely to have indirect effects on water availability, both via changes in transpiration (Korner, 2006) , and also perhaps via changes in precipitation, although this is likely to be more variable. It may also be important to distinguish between air and soil temperatures, as the two can have different effects on plant growth, and may vary asynchronously (Jonsdottir et al., 2005) . Soil temperature has profound effects on root growth and respiration. In perennials, root growth, mortality, and respiration are sensitive to soil temperature, with root respiration increasing by a factor of 1.5-3 for a 10°C increase in temperature (Pregitzer et al., 2000) .
Finally, changes in temperature may affect nutrient availability. Mineralization rates generally increase with temperature, which would increase nutrient availability. However, temperature may indirectly affect nutrient availability by altering soil moisture or the input of organic matter to the soil. One study investigating the responses of arctic tundra systems to increased snowfall reported that peak N mineralization was shifted from midsummer to winter, presumably as soil temperature was increased and increased permafrost melting in the summer led to increased N immobilization in the summer (Borner et al., 2008) . Such shifts in resource availability are likely to cause changes in plant community structure.
Elevated CO 2
Elevated CO 2 generally stimulates leaf-level photosynthesis, which can (but may not necessarily) translate into faster growth (Korner, 2006) . These responses can be speciesspecific (Asshoff et al., 2006) , and vegetative responses may not be correlated with reproductive responses (Leishman et al., 1999; Jablonski et al., 2002; Lewis et al., 2003) . The stimulation of growth or net primary production in mature forests in elevated CO 2 is often transient (Korner, 2006) , but may still be important if compounded over time (Ward and Strain, 1999) . The transient nature of this response may be caused by down-regulation of photosynthesis in elevated CO 2 (Rogers and Ellsworth, 2002; Bigras and Bertrand, 2006) . In some cases, however, the stimulation of growth by elevated CO 2 has been sustained for many years (Moore et al., 2006) . Responses to elevated CO 2 may vary within a population, or even within an individual plant (CavenderBares et al., 2000; Herrick and Thomas, 2003) .
Elevated CO 2 accelerated development in Oryza sativa (Seneweera et al., 1994) , Triticum aestivum (McMaster et al., 1999) , and Trifolium repens, but not in Lolium perenne (Wagner et al., 2001) . In a study of the effects of elevated CO 2 on grassland communities, flowering was accelerated in forbs, but delayed in grasses (Cleland et al., 2006) . Elevated CO 2 accelerated leaf senescence in Opulus trichocarpa in low nutrient conditions (Sigurdsson, 2001) . The effects of elevated CO 2 on tree phenology vary, but generally budburst is unchanged or delayed, while bud set is unchanged or accelerated (Ceulemans et al., 1995; Ceulemans, 1997) . Elevated CO 2 prolonged the C gain period of leaves in shade plants more than in sun plants (Cavender-Bares et al., 2000) .
Elevated CO 2 interacts with other environmental factors in many complex ways. Elevated CO 2 reduced the stimulation of primary production in a grassland by other environmental changes (Cleland et al., 2006) , and accelerated development in Capsicum annuum if N and water were adequate (Penuelas et al., 1995) , but accelerated flowering in Trifolium repens even in deficient N (Wagner et al., 2001) . Elevated CO 2 increased the water use efficiency of Calluna vulgaris when N and P were sufficient (Whitehead et al., 1997) . In other studies, no interaction of CO 2 3nutrient availability on phenology was found (Franzaring et al., 2008) . The reduced transpiration made possible by elevated CO 2 may be an important indirect effect, and could prolong leaf phenology (Reich, 1995) .
In a recent review, Korner suggests that changes in temperature and precipitation associated with global change are likely to have more impact on plant growth and productivity than the direct effects of elevated CO 2 (Korner, 2006) . Unfortunately, changes in temperature and precipitation are more difficult to predict, and may be highly site specific. In an experiment with two tree species and contrasting soils, Spinnler et al. (2002) showed strong soil3CO 2 and species3soil interactions, highlighting the importance of soils and biodiversity in predicting responses to elevated CO 2 . Another important response to elevated CO 2 may be changes in soils resulting, at least partially, from plant responses to CO 2 . Plantago lanceolata grown with elevated CO 2 in soil that had developed in elevated CO 2 showed few biomass differences from those grown with ambient CO 2 in soil developed in ambient CO 2 , although seed production was reduced in elevated CO 2 . In both atmospheres, plants in soil from elevated CO 2 bolted earliest, and had largest leaves (Edwards et al., 2003) .
Water
Water availability is likely to change in many regions as precipitation increases in some areas and decreases in others (Christensen et al., 2007) . Of these, decreased water availability is more likely to affect phenology. Water deficits accelerate reproduction in many cases (Aronson et al., 1992; Desclaux and Roumet, 1996) , although this is not universally true, especially when reproduction is size-dependent, as water deficits reduce the growth rate (Blum, 1996) . Early reproduction in water-deficit conditions can be adaptive, and reproduction can be accelerated by natural selection in relatively few generations (Franks et al., 2007) . Early reproduction is acknowledged to be a critical trait for drought tolerance in crops (Loss et al., 1997; Fukai et al., 1999; Quarrie et al., 1999; Berger et al., 2004 Berger et al., , 2006 Gonzalez et al., 2007) . Water deficits may also accelerate senescence (Aronson et al., 1992) , although it has also been reported to promote gradual leaf fall, and so interfere with efficient N translocation (Delarco et al., 1991) .
The effect of water deficits on phenology and yield may also depend on whether they develop during the vegetative or reproductive phases of growth (Lilley and Fukai, 1994; Nam et al., 2001) . In some cases, phenological responses to water deficits disrupt reproduction. Severe water deficits in maize delay silking but not anthesis, with predictable yield reductions (Blum, 1996) . Growth duration affects both plant size and water demand (Blum, 1996) , but water demand also strongly affects the acquisition of nutrients acquired in bulk flow. Drought can also affect acquisition of diffusion-limited nutrients, as decreased soil water content increases tortuosity and decreases the effective diffusion rate (Barber, 1995) . Water deficits generally reduce yield and may also make plants more responsive to elevated CO 2 , by favouring reduced transpiration. Elevated CO 2 could therefore mimic increased water availability (Korner, 2006; Volk et al., 2000) .
Nitrogen
Burning of fossil fuels, as well as indirect effects from nitrogen fertilizer application, have led to increased atmospheric N, which leads to increased deposition of N on the land surface (Vitousek et al., 1997) . Nitrogen is the plant nutrient needed in largest quantities and also regulates plant growth. Addition of N generally increases plant growth rates and biomass (Marschner, 1995) . Nitrogen as nitrate is highly soluble and mobile in the soil. Plants acquire nitrogen in the transpiration-driven bulk flow of soil solution to their roots (Barber, 1995) . Nitrogen availability often varies throughout the season, both because there is often seasonality to the organic matter inputs to the soil and because of seasonality in the soil biota involved in nitrogen mineralization (Waldrop and Firestone, 2006) . The transient nature of N availability is reflected in the rapid inducibility of N transporters in the roots. The machinery for this metabolically expensive activity is only constructed when it is needed, and it is constructed quickly. Not surprisingly, in some ecosystems phenology is coupled to N availability, with flushes of plant growth coinciding with pulses of N availability (Nomura and Kikuzawa, 2003; Tessier and Raynal, 2003) . In low-N environments root growth is favoured over shoot growth, leading to an increased root:shoot ratio (Marschner, 1995) .
Because N availability often declines throughout the growing season, there is little advantage for plants to delay maturity in conditions of N deficiency. Consequently, accelerated senescence of leaves is a typical symptom of N deficiency (Marschner, 1995) . Nitrogen translocation associated with leaf senescence can be an important source of N for seeds (Aerts, 1996; Gobert et al., 2005; Milla et al., 2005) , so leaf growth and C acquisition competes with seed demand for N (Lynch and White, 1992) . Low N often favours early maturing genotypes (Kamoshita et al., 1998) and N fertilization extends maturity (Shepherd et al., 1987; Thies et al., 1995) . Nitrogen deposition also promoted early bud break in Calluna vulgaris (Power et al., 2006) . The trade-offs between N allocation to vegetative growth and reproductive growth are consistent with the findings that the acclimation of wheat to elevated CO 2 and N stress depended on leaf age and developmental stage (Adam et al., 2000) .
Summary
Elevated CO 2 , warming, and drought are all components of future climates, and all can accelerate development. In addition, warming is likely to shift the growing season in temperate, alpine, and arctic systems, as warmer conditions arrive earlier in the year. The responses of plant phenology to future climates will be species-specific, but three broad response scenarios can be delineated, the implications of which are developed below. Where plants rely on photoperiodic cues for reproduction and maturity, the earlier initiation of growth could result in an extended growing season. Where plants rely on autonomous cues and when reproduction and maturity are not accelerated, earlier initiation may simply lead to a shifted growing season. A third scenario is the compressed growing season, where acceleration of reproduction and maturity may be combined with an earlier initiation of growth.
In temperate, arctic, and alpine environments, where temperature is the main driver of plant seasonality, it is expected that the potential growing season may be lengthened both by earlier spring warming and later autumn cooling. The ability of plants to utilize this time will be highly dependent on precipitation and the seasonality of precipitation. In subtropical and tropical climates, precipitation is likely to be the primary driver of plant seasonality. In this work, the focus is on how altered phenology may affect resource acquisition in changing climates, and the alteration of growing season length is likely to be important, whether caused by changes in temperature or precipitation.
Phenology and soil resource availability
Our focus is the potential effects of altered plant phenology on the plant's acquisition of soil resources. However, the acquisition of resources depends both on the phenology of plants and the supply of the resource. Here, several ways in which resource availability may be affected by global change are briefly discussed. It is noted that increased transpiration caused by warming and decreased transpiration caused by elevated CO 2 may cancel out if changes are of a similar magnitude but transpiration effects could further change water availability if the magnitude of these effects is unequal. It is also noted that changes in water availability are likely to be quite site-specific and that altered water availability will affect the availability of other resources.
Water availability could be affected both directly, through changing precipitation, and indirectly, through changes in evaporation and transpiration caused by changes in temperature and in stomatal opening in response to elevated CO 2 (Korner, 2006) . Changes in water availability and temperature, along with changes in plant senescence, could affect both the magnitude and timing of availability of nitrogen, phosphorus, and to a lesser extent, the other plant nutrients.
Changes in resource availability may be quite unpredictable. For example, in a tundra system, increased snow depth led to a later snow-free date, which shifted temporal N dynamics, with the peak of N mineralization shifting from early to mid-summer to winter (Borner et al., 2008) . In high-latitude tundra systems, warming stimulates N mineralization more than P mineralization, so P limitation may become more important in these systems (Aerts et al., 2006) . Such complex changes may be important, and highlight the need for continuing experiments with multiple climate change factors.
Phenology and soil resource acquisition
Plants depend on soil for the acquisition of water and 16 essential mineral nutrients. These nutrients are required in varying quantities, and differences in chemical properties mean that deficiencies of some are common while deficiencies of others are rare. We will focus our discussion on those which are most likely to be limiting. Rather than address all 17 resources, they are grouped into two categories based on mobility. Nutrients that are highly soluble and acquired in the transpiration-driven bulk flow of soil solution to the plant roots are considered to be mobile and those that are sparingly soluble and diffuse slowly to be immobile.
Mobile soil resources
Mobile resources include water, nitrogen (as nitrate), silicon, calcium, and magnesium. Nitrate concentration in soil solution has a strong seasonal pattern in many environments (Haynes, 1986) , but the concentration of Si, Ca, and Mg should vary less. Three basic scenarios of resource availability are considered in this section, seasonal and unchanged (Fig. 1) , seasonal and shifted (Fig. 2) , and nonseasonal (Fig. 3) , along with the three scenarios for plant phenology outlined above as they relate to the various mobile soil resources.
Water and nitrogen: Water and nitrogen are the mobile resources needed in the greatest quantities. Availability of water is likely to change in many ecosystems, as both the quantity and the timing of precipitation may change (Christensen et al., 2007) . Alteration of plant phenology should therefore affect water acquisition in a manner similar to Figs. 1 and 2 where water availability is seasonal, and similar to Fig. 3 where water availability varies little throughout the year. Nitrogen availability often exhibits strong seasonality, driven by the stimulation of mineralization by seasonality of temperature or moisture, so Figs. 1 and 2 will be more relevant to N acquisition.
Note that Fig. 2 considers only one of the many ways that resource availability could change. Climate change may alter the availability of water and nitrogen in complex ways. Both maximal and minimal availability, and timing of maxima and minima might change, and could, in principle, shift in either direction. Furthermore, bimodal patterns of resource availability may replace unimodal patterns. A comprehensive review of such shifts is beyond the scope of this review. Rather, the general synchrony between resource availability and acquisition is considered. Natural selection should tend to synchronize the resource acquisition capacity of plants to the resource availability in a given environment. Unless shifts in phenology caused by global change are quite similar to shifts in resource availability, reduced synchrony between supply and demand is probable. For the sake of brevity, our discussion is confined either to no shift in resource availability or to small shifts in resource availability that mirror shifts in phenology.
In Fig. 1 , there is a possibility of increased acquisition of water and/or nitrogen, even with slower initial growth, when plant growth begins earlier in the season. This depends on the synchrony between availability of resource (water or N) and water uptake capacity (transpiration). Uptake is maximized by reaching maximal leaf area at approximately the same time as maximal resource availability. Resource acquisition may increase as a consequence of either alteration of plant phenology or alteration of timing of resource availability in one of two ways. Either maximal resource availability was not originally well synchronized with maximal transpiration, so that alteration of phenology improves synchrony of supply and demand, or maximal resource availability is sufficiently increased so that acquisition is increased also. Fig. 2 . Possible patterns of leaf area and resource acquisition (A-C) for a mobile resource with shifted seasonal availability. Here the shift in resource availability is similar to that in emergence. In this case, resource acquisition is little affected. Note that availability of the resource could change in many ways not considered here, both in amplitude and timing. The increase in resource acquired may represent reduced leaching from the system, or reduced availability to other plants in the system. In these scenarios, early growth may be reduced if resource availability is insufficient, and increased transpiration may drive a more rapid decline of the resource.
While water is classified as a mobile nutrient, there can be substantial spatial heterogeneity in the availability of water in the soil. In drought conditions, surface horizons in the soil may dry before deeper horizons. In such cases, the vertical distribution of roots is important, and phenology may be an important factor. Kirkegaard and Lilley (2007) reported that root depth and hence water acquisition in wheat was strongly influenced by vegetative growth duration and root penetration rate. Longer growth duration permitted access to deeper water resources.
Since both water and N availability regulate plant growth, the acquisition of these resources can impact the acquisition of other resources. For example, both water deficit and N deficiency can accelerate development, which could reduce the acquisition of immobile resources (Fig.  4C) . Finally, note that compressed phenology (Figs. 1C,  2C ) may be a common (and perhaps beneficial) response in regions where late-season drought becomes more common.
Silicon, calcium, and magnesium: These nutrients are mobile, but their availability is relatively constant throughout the growing season. Acquisition is controlled by mass flow, which is driven by transpiration, so acquisition should be roughly proportional to leaf area duration.
Where plant phenology is extended by global change, acquisition of these resources should increase (Fig. 3A) . Shifting plant phenology should not affect the acquisition of these resources (Fig. 3B ), but compression of plant phenology is likely to reduce the acquisition of these resources (Fig. 3C) . This is especially true where plant maturity is responding to temperature since maturation is accelerated in a warmer climate. In particular, warmer nights would accelerate maturation with a lower total transpiration, which may result in the reduced acquisition of silicon, calcium, and magnesium. In the case of calcium, this reduced transpiration may not result in decreased acquisition. In soils where Ca availability is high, acquisition is limited by root uptake of Ca, and the rhizosphere may be enriched as a consequence of Ca transport by mass flow (Marschner, 1995) . In this case, extended phenology (Fig. 3A ) may lead to a greater concentration of Ca in the rhizosphere.
Immobile soil resources
Immobile soil resources reach plant roots by diffusion (Table 1 ). The principal immobile nutrients are phosphorus (P) and potassium (K). Ammonium (NH 4 + ) is also a lowmobility resource. The micronutrient metals (iron, manganese, copper, and zinc) are also relatively immobile, especially in alkaline soils, where deficiency of these elements can occur.
Availability of immobile resources should be less variable than of mobile resources, as they are unlikely to leach, and are generally taken up slowly. In addition, many of these resources are highly buffered, so plant uptake has minimal effects on availability. As a consequence, the effects of phenological change on the acquisition of these resources should be somewhat more predictable than for mobile resources. Acquisition of immobile soil resources should be primarily influenced by root length duration, which is the integral of root length over time (Fig. 4 , note shading under curves).
Phosphorus: Soil phosphorus availability is often suboptimal for plant growth (Lynch and Deikman, 1998) because of its extreme immobility in most soils (Barber, 1995) and because the phosphorus cycle is open-ended and tends toward depletion over time (Schlesinger, 1991) . Plants display an array of adaptations to low phosphorus availability (low P) (Lynch and Brown, 2006) . One frequently reported response to low P is delayed reproduction. Delayed reproduction increases root length duration which permits greater P acquisition, which permits greater reproduction ( Fig. 5 ) (Nord and Lynch, 2008) .
Other important responses to low P include root hairs (Ma et al., 2001) and root exudates (Hinsinger, 2001) . Root hairs increase P acquisition by increasing the radius of the depletion shell around the root and root exudates do so by increasing the rate of desorption of P from immobile pools. We are not aware of any work directly addressing the interaction of any of these responses with phenology. In general, we expect that the benefit of these P acquisition adaptations should be related to root length duration, and so to phenology.
Preliminary analysis by Jaramillo (unpublished data) shows that low P (defined as native soil P <12 ppm, based on soil suborders) affects over 50% of vegetated land, and over 50% of vegetated land is expected to experience a 3-6°C increase in temperature (Fig. 6 ). This analysis, while preliminary, indicates the potential importance of low P in plant responses to future climates.
Ammonium and potassium: Ammonium and potassium are nearly immobile in soils, althought they are slightly more mobile than phosphorus. Ammonium is an important nitrogen source in acidic soils, and where ammonium is the primary source of nitrogen, this may regulate growth. Nitrogen deficiency typically accelerates development (Marschner, 1995) . In cases where ammonium is a major nitrogen source and is deficient, this may be maladaptive. Potassium is needed in substantial quantities, but does not regulate growth as nitrogen and phosphorus do, and so potassium deficiency is less likely to affect the phenology or growth of plants. Rather, deficient plants develop symptoms of the deficiency as potassium in the plant is diluted by continuing growth (Rubio et al., 2003) .
Iron, manganese, copper, and zinc: The mobility of these metal micronutrients is influenced by soil pH. In alkaline soils, they are relatively immobile, and plant growth and fecundity may be impaired. In acid soils, greater bioavailability can lead to Mn toxicity. The potential for accumulation of these metals to toxic levels may be more problematic where plant phenology is extended by global change (Fig. 4A) . This is particularly true where bioavailability is enhanced by soil acidification.
Phenology and resource utilization
Although our focus is on resource acquisition, we note briefly that phenology also has effects on nutrient utilization by changing the duration of nutrients in plant tissue. Nutrient duration is simply the integral of tissue nutrient content over time, and is generally related with nutrient utility. For example, the utilization of leaf nitrogen for photosynthetic carbon gain was directly related to leaf duration in Phaseolus vulgaris (Lynch and Rodriguez, 1994) , and leaf phosphorus duration was related to bolt biomass in Arabidopsis thaliana (Nord and Lynch, 2008) . Although increased nutrient duration generally increases . Co-occurrence of low soil P, vegetative area, and estimated temperature change of 3-6°C. Over 50% of vegetated land is affected by low P, as is over 50% of vegetated land at risk of 3-6°C temperature change. (Adapted from R Jaramillo and JP Lynch, unpublished data.) nutrient utilization, continued leaf accumulation of some elements can also lead to nutrient imbalances and toxicity, as in the case of Mn toxicity in trees of the eastern forest of North America (Lynch and St Clair, 2004) .
Phenology may also affect resource utilization by altering the length of the reproductive phase. Earlier maturation without earlier reproduction reduces the length of the reproductive phase. This can have consequences for resource utilization. In a study with Arabidopsis thaliana, it was found that seed production in one genotype was reduced in elevated CO 2 because the reproductive phase was shortened (Nord, 2008) . Seed-filling duration is known to influence yield in grain crops (Egli, 2004) , and grain yields have been reported to decline when grain-filling duration is reduced by elevated temperature (Sofield et al., 1977) . These illustrate the importance of time for the conversion of acquired resources into seed.
Conclusion
Growing seasons in temperate regions are already beginning earlier, and many of the expected changes in climate are reported to accelerate development, although responses are species specific. Therefore a range of phenological patterns, from extended to compressed phenology is expected. In general, it is expected that acquisition of mobile resources will be roughly related to total transpiration, and acquisition of immobile resources to root length duration. In both cases, extended phenology would tend to increase resource acquisition, and compressed phenology would tend to decrease resource acquisition. Of course, future climates will differ from the present in multiple ways, especially when multiple global change variables are considered together, and the site-specific nature of changes in water availability further complicates the picture. Only a few of these cases have been considered here in an attempt to outline the most general cases.
Most of our discussion has been focused on annual plants. The responses of perennials are more complex, and they have not been explicitly considered here. However, in general terms, the effects of phenology on resource acquisition should be similar. Transpiration is the main driver for the acquisition of mobile resources and should still be related to leaf area duration. For immobile resources, root length duration is the main driver of acquisition. Perennials differ from annuals in that they can begin the growing season with a larger rooting volume, and that they can acquire resources during the dormant period, if they have sufficient reserves of carbohydrate. This could give perennials an advantage over annuals in the acquisition of immobile resources.
Unfortunately, there is insufficient understanding of how interactions between species may be altered by elevated CO2, let alone by multiple changes in global change variables, so ecosystem responses to global change are difficult to predict (Karnosky, 2003) . Different responses by different functional groups in a community may buffer changes in community-level resource acquisition and net primary productivity (Cole et al., 2008; Rich et al., 2008) but could lead to changes in seasonal resource dynamics and nutrient cycling (Hooper and Vitousek, 1998) . Range shifts due to changes in temperature and N availability may lead to changes in plant communities that are difficult to predict but, in general, faster-growing species should be favoured more than slower-growing ones, and vascular plants may be favoured over non-vascular plants (Aerts et al., 2006) . It is also likely that climate changes will permit new biological invasions, which can affect nutrient cycling and availability (Ehrenfeld, 2003) . Ultimately, all of these changes could also affect availability and thus acquisition of resources in ways that are difficult to predict.
Several novel hypotheses concerning the effects of altered plant phenology on resource acquisition have been proposed. These highlight the need for continued investigation into plant responses to global change. Changes in resource acquisition as a result of global change-induced alteration of phenology are likely to be of special relevance for agriculture in the developing world, where smallholder, subsistence agriculture occurs on marginal lands, with low nutrient availability, and little access to fertilizers. These production systems are likely to be especially sensitive to either a decreased or an increased acquisition of soil resources by crop plants, so that small differences in resource acquisition may be reflected in yield or in crop quality.
